Introduction
The term IL-I refers to a family ofproteins, encoded by at least two separate genes, that are produced by a wide variety of cell types in response to a plethora of external stimuli (1) . IL-I has been shown to affect multiple cellular activities both in vivo and in vitro (2) , yet the early biochemical events stimulated by IL-I receptor occupancy or the second messenger molecules induced by IL-I are not fully understood. The cloning and expression ofcDNA for murine (3) and human IL-la (4) and a (5) have made possible the characterization of high affinity receptors for IL-I found on the surface of responsive cells including murine and human T cells (6, 7) , B cells (8) , fibroblasts (9) , human neutrophils (10) , and human and porcine synovial cells (1 1-13) . Understanding the mechanism(s) by which IL-I exerts its many biological effects is ofgreat clinical significance since many of those effects are associated with pathogenic processes exemplified by tissue degradation in diseases such as arthritis and diabetes.
Many model systems for receptor-mediated signal transduction involve the activation ofa phospholipase C (PLC),' via GTP-binding protein(s), which catalyze the hydrolysis of phosphatidylinositol-4-phosphate (PtdlnsP) and phosphatidylinositol-4,5-bisphosphate (PtdInsP2) to form inositol triphosphate (UP3) and 1,2-diacylglycerol (DAG) (14) ; IP3 mobilizes Ca2" from the endoplasmic reticulum (15, 16) , whereas DAG activates protein kinase C (17) . Thus, regulation of the kinases that are responsible for producing and/or replenishing the supply ofthese phosphoinositides may be important in controlling the production of a variety of second messenger molecules.
While mitogens such as a-thrombin rapidly induce the hydrolysis of phosphoinositides in hamster fibroblasts (18) (19) (20) , neither epidermal nor fibroblast growth factor (EGF, FGF) stimulate phosphoinositide breakdown even though both factors possess potent mitogenic activity (21, 22) . These data suggest that while the activation of PLC may be an essential step for those factors whose receptors are coupled to PLC (23), it is not required for the mitogenic response to EGF or FGF. Further, these observations suggest that multiple signaling pathways are likely to be involved in growth factor and cytokine signal transduction. IL-I signal transduction does not involve stimulated PtdIns turnover or increases in intracellular free Ca2" concentration (24) . DAG has been shown to be produced via an alternative IL-I-mediated pathway in T lymphocytes that involves the hydrolysis of phosphatidylcholine, not PtdIns (25) . While the present study confirms previous reports indicating that IL-I does not increase inositol phosphate production (24, 25) , we did detect an IL-1-sensitive PtdIns kinase that phosphorylated PtdIns to PtdIns4P in both intact fibroblasts and isolated membrane preparations. It is likely that the activity of PtdIns kinase(s) are modulated during stimulated PtdIns turnover so that PtdlnsP pools are either maintained or increased.
The enzyme activity described here is clearly distinct from that which catalyzes the formation of PtdIns-3-phosphate and which appears to be physically associated with the platelet-derived growth factor (PDGF) receptor; PDGF is also known to stimulate PtdIns turnover in general (26) . In the present instance, it appears that IL-I affects Ptdlns kinase activity independent of stimulated Ptdlns turnover, and the product formed is PtdIns-4-phosphate. The relative amounts of PtdlnsPs in the membrane, in addition to serving as substrate for phospholipase(s) C, may profoundly affect the conformation of membrane proteins or alter the potential of the mem-brane and its content of divalent cations, the influx of which often accompanies receptor-mediated cellular activation.
While the physiological significance of IL-1-mediated PtdIns phosphorylation and its role in mediating the actions of IL-1 remain unknown, our findings represent a new effector system directly modulated by IL-1. Regulation of PtdIns phosphorylation is under stringent control as evidenced by the very small amounts ofphosphorylated Ptdlns derivatives present in eukaryotic cells. Thus, IL-1 could play an important role in modulating the synthesis ofPtdlnsP, the first enzymatic step in the formation of PtdInsP2, and/or in replenishing these important membrane phospholipids following their hydrolysis to form the second messengers inositol 1,4,5-triphosphate and diacylglycerol.
Methods
Fibroblast culture and labeling techniques. Human foreskin fibroblast cell lines were established and cultured using standard techniques. Early passage cells were seeded in 12-well flat-bottomed or 100-mm plates and cultured in supplemented Eagle's minimum essential medium (EMEM; Whittaker Bioproducts, Walkersville, MD). The cells were incubated at 370C in 95% air and 5% CO2. After the cultures reached confluence, the medium was replaced with 0.5 ml of fresh EMEM to which 5 ,Ci of [3H]myo-inositol (47.7 Ci/mmol; New England Nuclear, Boston, MA) was added. After a 72-h incubation the medium was aspirated. The cells were washed three times with 2 ml of PBS and placed in 1 ml of serum-free EMEM containing 10 mM lithium chloride. After a 10-min preincubation in the presence of lithium, IL-I (5 ng/ml) was added (control wells received no IL-l), and the incubation was allowed to proceed for 1-30 min at 370C.
Inositol phosphate and PtdlnsP analysis. To stop the reaction I ml of ice-cold 50.mM HCI was added to each well, the cells were removed from the plate by scraping; and lipids were extracted as previously described (27) . The aqueous phase of each lipid extract was combined with the corresponding culture media, diluted 10-fold with distilled water, and applied to a I -ml AG-I X8 column (Bio-Rad Laboratories, Rockville Centre, NY). Inositol phosphates were eluted from the columns as previously described (27) .
Phosphoinositide analysis. The organic phase from each lipid extract was dried under N2 and applied to a potassium oxalate (1%) impregnated silica gel G thin-layer chromatography (TLC) plate (Analtech, Newark, DE). The plate was developed in a solvent system of chloroform/methanol/ammonium hydroxide/water (90:70:10:10 vol/ vol/vol/vol). Radioactive peaks were detected using a digital-proportional sensing system (Bioscan, Inc., Washington, DC In parallel set experiments we tested the effect of IL-I on the degradation of PtdInsP using identical assay conditions as described above except that the membranes were phosphorylated with [32P]ATP in the presence of Mg2e for I min before the addition ofIL-I for an additional 1-min incubation. At the end of the second 1-min incubation period, phospholipids were extracted and analyzed as above. The difference in labeled phospholipids remaining in experimental samples was compared with control incubations without IL-1.
Deacylation and identification ofphosphorylation position on the inositol ring ofPtdInsP product. The PtdInsP product was analyzed by deacylation and HPLC analysis. The labeled PtdlnsP product was isolated by TLC as above and recovered from the silica gel by elution with chloroform/methanol/0. lN HCI (1/2/0.8 vol/vol). The product was treated for 50 min at 530C with 1.8 ml of methylamine reagent containing 5.77 ml of 25% methylamine in water, 6.16 ml of methanol, and 1.54 ml of I-butanol. After Iyophilization, the sample was resuspended in 1. loaded in water, the column washed for 10 min with water and eluted with a linear gradient over 50 min from 0 to 0.252 M (NH4)2HP04, pH 3.8, at I ml/min. Fractions of 0.5 ml were collected and counted for radioactivity by liquid scintillation.
Results
The effect ofIL-IU on inositol phosphate production in human fibroblasts. Previous studies examining signal transduction mechanisms involved in IL-1-mediated T cell activation (24) showed that IL-1 neither induced the production of inositol phosphates nor resulted in increased intracellular free calcium concentrations, suggesting that the IL- 1 Fig.  4 . Fig. 4 A shows the total amount (cpm) ofPtdIns4P formed at the times indicated (10 s was the earliest time point taken) in the presence and absence of IL-1. Assays were performed as described in the legend to Fig. 4 using a single membrane preparation divided such that each reaction mixture received an identical amount of protein. Under these conditions, the reaction rate is linear for the first minute, after which time the rate of product formation decreases somewhat both in the presence and absence of IL-1. This decrease is most likely due to depletion of ATP as previously shown (27) and not to limiting amounts of PtdIns, as addition of excess PtdIns to the reaction mixture did not affect the linear nature of the reaction. At all time points tested, the kinase activity in the presence of IL-1 was greater than in assays not containing IL-1. Fig. 4 B shows the same data when control basal kinase activity in the absence of IL-1 is subtracted from values in the presence of IL-1. This figure clearly shows that the rate of product formation due to the IL-I -stimulated component of the total kinase activity detected in these samples was linear during the 5-min assay.
Discussion
The biochemical mechanisms involved in the intracellular transmission of IL-1 signals are unclear. One mechanism whereby growth factor/cytokine receptors and other stimuli exert their respective effects is through the stimulation of PtdIns turnover (30) (31) (32) (24) . Others have shown that IL-1 may, however, stimulate the production of DAG by a pathway not involving PtdIns turnover, but instead, phosphatidylcholine or phosphatidyl-ethanolamine hydrolysis (25, 37) . Metabolism ofthese alternate phospholipid substrates is mediated by putative PLC enzymes distinct from the wellcharacterized PtdIns-specific PLC.
In a search for potential signal transduction pathways for the IL-1 receptor system, some have suggested that IL-l may activate a tyrosine kinase activity (38) . It has not been estab- tor as described for growth factor receptors such as PDGF (38) , EGF, insulin, and colony stimulating factor 1, which are themselves tyrosine kinases (39). In a variety of systems in which receptor ligation results in the stimulation of tyrosine kinase activity, there appears to be a positive correlation with respect to the concomitant stimulation of PtdIns kinase activity (40) . Such observations suggest that either the PtdIns kinase is a substrate for receptor-stimulated tyrosine kinase (40) or that Ptdlns kinase activity is regulated by the auto-phosphorylation of the receptor (26) . The present data confirm previous studies indicating that IL-1 does not stimulate the hydrolysis ofPtdIns in human fibroblasts. We did find, however, that IL-I stimulated the accumulation of Ptdlns-4-P, in contrast to the PtdIns-3-P which has been shown to be produced by fibroblasts in response to PDGF (26 In summary, our findings demonstrate that IL-1 induces a rapid increase in the accumulation of PtdInsP and not its hydrolysis. Since the rapid, transient increase in the hydrolysis of PtdInsP(s) is the hallmark of many receptor-mediated signal transduction systems, the regulation of PtdInsP production by IL-1 could dramatically alter, both quantitatively and qualitatively, the second messenger molecules formed as a result ofthe activation of receptors coupled to PLC which mediate the hydrolysis of phosphorylated derivatives of PtdIns. Thus, while some argue that IL-1 has no effect on PtdIns turnover, our data suggest that IL-1 may affect PtdIns turnover at the level of substrate availability. In this way, IL-1 could potentially affect the production of a variety of second messenger molecules derived from the hydrolysis of phosphoinositides in response to agonists that do induce phosphoinositide turnover. An alteration in the relative amounts of PtdIns, PtdInsP, and PtdInsP2 in the absence ofstimulated PtdIns turnover could also modify membrane conformation and as such affect the ability of the cell to respond to a wide variety of external stimuli.
Studies are now underway to determine the mechanism by which IL-I stimulates Ptdlns kinase activity and the role that other cytokines/agonists may play in regulating PtdIns turnover. Regardless of the mechanism, the studies described here show a direct, IL-1-mediated stimulation of an enzyme that is involved in regulating the production of phosphorylated Ptdlns derivatives. These derivatives then serve as substrates for the production of second messenger molecules. In this way, IL-1 may serve to restore levels of these substrates following their hydrolysis by phospholipase C or other hydrolytic enzymes.
